Objective: Our objective was to assess potential causative factors of stent-graft collapse after thoracic endovascular aortic repair.
1
A significant number of complications have been reported and, recently, cases of stent-graft collapse have been identified with a high risk of complications and death. Several factors may influence the results of thoracic endovascular aortic repair (TEVAR), including the proximal aortic landing zone (length, angulation, and morphologic structure of the aortic wall) and the choice of device.
Anatomic challenges are still the most important factors of early and late stent-graft failure.
We report on 4 cases of stent-graft collapse after TEVAR in patients from 2 French institutions. We assessed anatomic features of the aortic arch and sizing of stent grafts involved in stent-graft collapse.
METHOD
This study was approved by the institutional review board. Between 1997 and 2008, 285 patients had TEVAR in 2 French university hospital departments of vascular surgery (A de Villeneuve Hospital, Montpellier, France; Henri Mondor Hospital, Créteil, France). In 4 (1.4%) of them, stent-graft collapse was identified.
We studied clinical data, stent-graft sizing, and preoperative or postoperative computed tomographic (CT) scans of patients identified with stent-graft collapse ( Figure 1 ). Measurements included aortic arch angulation, proximal aortic diameter, and length between the proximal edge of the stent graft, if not in apposition to the aortic wall and the inner curve of the aortic arch (intraluminal lip length). All the measurements of diameters and angulations were performed with a central lumen line (GE Advantage 4.0 workstation; General Electric, Waukesha, Wis).
RESULTS
All relevant anatomic and clinical data are summarized in Table 1 . All 4 patients were treated with a second-generation Gore TAG stent graft (W. L. Gore & Associates, Inc, Evry, France). Three of our patients were treated outside Gore's instructions for use (minimum required aortic diameter of 23 mm), and furthermore the device was used off-label in all cases (chronic type B dissection, traumatic transection of the thoracic aorta). One patient had an elective endovascular procedure (patient 3) and 3 patients had an emergency procedure.
In all cases, stent grafts were successfully deployed in the intended position. Completion angiogram did not show any endoleak. All patients underwent a postoperative CT scan without evidence of stent-graft collapse. However, in all patients poor apposition of the stent graft along the inner curve Abbreviations and Acronyms CT ¼ computed tomography TEVAR ¼ thoracic endovascular aortic repair of the aortic arch was noted (Figure 2 ) with the stent graft protruding into the lumen of the aorta (mean intraluminal lip length: 9.2 mm; range 8-12 mm). Furthermore, a severely angulated proximal aortic neck was always observed: mean angle of 104. 5 (range 92 -108 ). Among the remaining patients (n ¼ 281) who underwent TEVAR but who did not experienced thoracic stent-graft collapse, a lack of device wall apposition was observed in 43 (15.3%) patients and oversizing over 20% in 37 (13.1%).
In patient 3, extra-anatomic revascularization of the left common carotid artery associated with revascularization of the left subclavian artery was required to provide a sufficient proximal landing zone. A first TAG stent graft (40-150 mm) was inserted at the level of the aortic arch, but incomplete coverage of the target area required complementary deployment of a second TAG stent graft (40-100 mm), overlapping the first stent graft by a 2-stent long overlap.
The mean interval from thoracic stent-graft implantation to collapse was AE8.9 days (range, 16-37 days). In patient 1, on the 30th postoperative day, stent-graft collapse was revealed by a pseudocoarctation syndrome leading to functional renal failure. Open explantation and repair by a left thoracotomy was successfully performed with partial left heart femoral artery-femoral vein cardiopulmonary bypass ( Figure 3 ). The postoperative course was uneventful and the patient was discharged on day 10.
Three patients were asymptomatic and the collapsed stent grafts were identified on routine postoperative CT scan. In patient 3, the collapsed stent graft was the second overlapping stent graft and was associated with a type III endoleak. These 3 patients underwent endovascular treatment of their stent-graft collapse. Patients 2 and 3 underwent placement of a second stent graft (patient 2: Valiant Medtronic Vascular; Santa Rosa, Calif; patient 3: Zenith TX; Cook Inc, Bloomington, Ind) within the first to cause re-expansion. Patient 4 underwent deployment of a large balloon expandable stent in the proximal stent graft (Palmaz stent; Cordis, Cordis Endovascular, Miami Lakes, Fla) that successfully re-expanded the collapsed stent grafts.
Mean follow-up was 23 AE 10.4 months (range, 12-37 months). In all cases, the postoperative course was uneventful. Repeated CT scans confirmed absence of endoleak and fully expanded proximal stent graft in all patients.
DISCUSSION
Endovascular management has emerged during the past decade as a valuable treatment modality for thoracic aortic diseases. However, a significant number of complications have occurred. Since the first report by Melissano and associates, 2 more recent isolated reports have identified patients with stent-graft collapse. We reviewed the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ( Table 2 ) and found 29 cases of thoracic stent-graft collapse. Among these patients, the overall mortality rate of this potentially devastating complication was 6.8%. Cases have been observed with the following brands: TAG (Gore), Zenith (Cook), and Endofit (LeMaitre Vascular, Burlington, Mass).
Collapses occurred when the stent grafts were inserted in angulated aortic necks (aortic isthmus), frequent in young patients, who are often involved in trauma. This complication rarely occurs in the longer and wider aortas associated with aneurysmal disease. However, we report on a case of collapsed stent graft implanted in a chronic type B dissecting thoracic aneurysm (patient 4). In a multi-institutional retrospective analysis, Muhs and colleagues 11 collected CT scans of 6 patients who had confirmed TAG stent-graft collapse. They reported several factors that may influence this complication: lack of apposition of the stent graft to the aortic wall, also called the ''bird's beak'' deformity 15 ; acute aortic arch angulation, distal aortic diameter and minimum intragraft aortic diameter (aortic diameter perpendicular to the center lumen line at the intragraft landing zone), small diameter aortas, and high percentage of oversizing. Distal aortic diameter and minimum intragraft aortic diameter predicted collapse. Other variables may also influence this complication but were not found significant owing to potential type II statistical errors related to small the sample size in this report.
In our patients, potential anatomic risk factors increasing the probability of stent-graft collapse were acute aortic arch angulation and poor apposition of the stent graft to the inner curve of the aortic arch. In cases of severely angulated proximal aortic neck, stent grafts are unable to conform to the inner curvature of the arch. Stent grafts protrude into the lumen of the aortic arch. This lack of device wall apposition exposes the device to repetitive pullout strengths that can lead to stent fracture and/or collapse. In a previous experimental study, we 16 assessed fixation of 4 commercially available thoracic stent grafts according to aortic arch angulation and to oversizing. The major features in stent-graft design providing a secure proximal anchorage seem to be the radial force and the presence of a proximal open stent segment. As a consequence, in cases of severe aortic arch angulation, a stent graft with a more efficient proximal anchorage system and a more important radial force seems to be advocated to avoid poor apposition of the proximal edge of the stent graft.
In our patients, excessive oversizing was not systematically observed. Three of our patients were treated outside Gore 's instructions for use (minimum required aortic diameter of 23 mm). Currently available stent grafts are too large and do not allow moderate oversizing. Owing to aortic compliance, aortic diameters vary during cardiac cycles. Aortic diameter variations between systole and diastole can reach 17.8% in specific segments. Thus, preoperative sizing of stent-graft diameters with static CT scans may lead to an excessive oversizing. 17 Three of the 4 patients were treated in an emergency setting, and for logistic reasons the oversized stent grafts were the only type available. Prompt availability of adequately sized grafts could help to overcome the problem. Oversizing is not the only reason for stent-graft collapse. One of our patients, as in a series reported by Steinbauer and associates, 7 had a collapse despite a lack of excessive oversizing.
Our 4 patients were treated with a TAG stent graft (Gore). Most reported cases of stent-graft collapse involve the TAG device. Many factors may explain this trend: (1) the TAG stent graft is widely used in the United States (until June 2008, the TAG device was the only endovascular stent graft approved by the Food and Drug Administration); (2) as a severely oversized stent graft may increase the probability of stent-graft collapse, the minimum diameter of the TAG device is 26 mm as compared with the small ( 20 mm) aortic diameters seen in young patients, especially in case of traumatic transection of the aorta. The Journal of Thoracic and Cardiovascular Surgery c Volume 139, Number 5
The critical period of highest risk of collapse seems to be within the first month after implantation. However, as demonstrated in a recent report, 10 thoracic stent-graft collapse can occur in a delayed fashion (11 months after TEVAR). The potential for this deferred complication underscores the need for prolonged follow-up CT scans in these patients.
In the presence of one of the anatomic factors (aortic arch angulation, small diameter aortas), caution is recommended in planning a treatment strategy and other options should be discussed to avoid thoracic stent-graft collapse. In elective cases, open surgery should be considered. When endovascular repair is considered, the choice of the device is critical. A device with an important radial force and the presence of a proximal open stent segment should be preferred. Wellons and coworkers 18 advocate the use of aortic extension cuffs because of their appropriate diameter. However, multiple cuffs may be necessary to obtain an adequate seal and a sufficient length of the stent graft. This induces a significant risk for disconnection of the multiple aortic cuffs. Riesenman and associates 19 reported a case of endovascular exclusion of a thoracic aortic disruption using an abdominal aortic stent graft in the iliac limb. The repair was complicated by stent-graft collapse and the development of a functional coarctation. Kölbel and colleagues 20 described a technique of in situ bending of a thoracic stent graft to improve thoracic stent-graft apposition. When poor apposition of the proximal edge of the stent graft to the inner curve of the aorta is achieved, repeated follow-up CT scans should be performed to identify asymptomatic collapsed stent graft. The use of adjunctive technology to improve conformity of thoracic stent grafts in the arch and fixation of the proximal stent graft should be considered. Stehr and associates 21 recommend either deploying another proximal stent graft or achieving fixation of the proximal stent graft by a balloon-expandable Palmaz stent.
Several therapeutic options can be proposed: The stent graft can either be removed via an open thoracotomy or be re-expanded by an endoluminal approach. Most reported cases have been treated by the implantation of an XL Palmaz stent (Cordis) or by the implantation of another endovascular graft within the collapsed stent graft. Open stent-graft removal and aortic repair through a left thoracotomy, as performed in patient 1, is another option. Open repair should be considered in cases of severely collapsed stent graft and/or deemed at high risk of coverage of supra-aortic trunks owing to a severely angulated aortic arch, as in patient 1.
CONCLUSION
In our patients, stent-graft collapse after TEVAR seems to be related to poor apposition of the stent grafts in a highly angulated aortic arch and/or excessive stent-graft oversizing. In planning a treatment strategy, assessment of aortic arch anatomy and appropriate choice of the device may prevent such a complication. In cases of poor apposition of the proximal edge of the stent graft to the inner curve of the aorta, close CT scan follow-up should be performed. Furthermore, the use of adjunctive technologies to enhance fixation of the proximal stent graft should be considered. 
